ABSTRACT Heat stress is of major concern for poultry, especially in the hot regions of the world because of the resulting poor growth performance, immunosuppression, and high mortality. To assess superoxide (O
INTRODUCTION
Heat stress is of major concern for poultry industry, especially in the hot regions of the world because of the resulting poor growth performance, immunosuppression, and high mortality (Bottje and Harrison, 1985; Young, 1990; Yahav et al., 1995) . Continuous selection for fast growth has been associated with increased susceptibility of broilers to heat stress (Geraert et al., 1993; Cahaner et al., 1995; Berong and Washburn, 1998) . Exposure of chickens to heat stress causes significant behavioral and physiological responses (Harrison and Biellier, 1969; Altan et al., 2003) . Thermal stress exerts its deleterious effects on feed intake and body weight gain (Geraert et al., 1996) as well as on carcass yield and mortality rates (Smith, 1993) . Elevated temperatures are associated 2005 Poultry Science Association, Inc. Received for publication August 23, 2004 . Accepted for publication October 5, 2005. 1 To whom correspondence should be addressed: toyomizu@bios. tohoku.ac.jp. 307 duction in heat stress-treated skeletal muscle mitochondria of meat-type chickens, whereas no such increase was observed in laying chickens. The enhancement of superoxide production in the former case was associated with heat-induced increments in rectal and muscle temperatures, leading to significant body weight loss. In contrast, the latter case showed no increase in temperatures, although there was a slight decrease in body weight gain. Percentage increases of superoxide production in the presence of carboxyatractylate, a specific inhibitor of adenine nucleotide translocator (ANT), were the same for skeletal muscle mitochondria from meat-and laying-type chickens from the control or heat stress-treated group. This finding suggests the irrelevance of ANT in the regulation of reactive oxygen species flux under heat stress conditions. The study provides the first evidence of superoxide anion production in the skeletal muscle mitochondria of meat-type chickens in response to acute heat stress.
with excess morbidity and mortality (McGeehin and Mirabelli, 2001) . From the viewpoint of environmental health, the harmful effects of heat stress on organisms have become a matter of concern.
Heat stress increases oxygen radicals, possibly by the disruption of the electron transport assemblies of the membrane (Ando et al., 1997) . Heat-induced reactive oxygen species (ROS) formation may be the factor that causes molecular changes in DNA, proteins, lipids and other biological molecules (Bruskov et al., 2002) . ROS play an important role in many biological systems, including the body's response to infection, heavy metal and ethanol toxicity, and other conditions (Donati et al., 1990; Morimoto et al., 1990) . However, several studies have suggested that exposure to heat results in oxidative Abbreviation Key: ANT = adenine nucleotide translocator; avUCP = avian uncoupling protein; cAtr = carboxyatractylate; DMPO = 5,5-dimethyl-1-pyrroline N-oxide; EGTA = ethylene glycol-bis-(β-aminoethylether)-N,N,N′,N′-tetraacetic acid; ESR = electronic spin resonance; ETC = electron transport chain; LDCL = lucigenin-derived chemiluminescence; O ؒ-stress, which in turn can lead to cytotoxicity (Bernabucci et al., 2002; Lord-Fontaine and Averill-Bates, 2002) .
The ROS are produced by several biochemical processes within a body. A body may generate ROS in response to electromagnetic radiation, such as gamma rays, or acquire them directly as oxidizing pollutants, such as ozone or nitrogen dioxide (Betteidge, 2002) . Heat stress was suggested to be an environmental factor responsible for stimulating ROS production because of similarities in gene expression patterns observed following heat stress compared with that following exposure to oxidative stress (Schiaffonati et al., 1990; Salo et al., 1991) . Flanagan et al. (1998) used electron paramagnetic resonance spin trapping to demonstrate an increased flux of ROS in rat intestinal epithelial cell monolayers exposed to 45°C for 20 min. Zuo et al. (2000) used laser scan confocal microscopy with ethidium fluorescence as a probe for intracellular ROS and found that heat stress stimulated intracellular and extracellular ROS production, particularly superoxide (O
ؒ-
2 ) formation, in mouse diaphragm muscle. However, there is no direct evidence for the source(s) of ROS production in animals exposed to heat. Given that the mitochondria serve as the principal source of ROS in cells (Chance et al., 1979) , it is likely that in heat-treated animals ROS are mainly produced in the skeletal muscle mitochondria. However, the direct evidence of superoxide anion production has not been provided in the skeletal muscle mitochondria in response to acute heat stress as yet, even in mammals.
We used 2 techniques to investigate whether ROS were generated in mitochondria isolated from the skeletal muscle of chickens. Electron spin resonance and the spin trap 5,5-dimethyl-1 pyrroline-N-oxide (DMPO)-O ؒ-2 spin adduct index was used to determine the initial step of ROS generation and to identify the mitochondrial production of O ؒ-2 in meat-type chickens as described by Han et al. (2002) . Second, one of the most sensitive techniques for O ؒ-2 anion detection, lucigenin-derived chemiluminescence (LDCL), was used to measure O ؒ-2 produced by the mitochondria of meat-and laying-type chickens (Li et al., 1998 (Li et al., , 1999 Skatchkov et al., 1999; Barbacanne et al., 2000) . The advantages of this probe are the high specificity of its interaction with the superoxide anion [under physiological pH the LDCL reflects exclusively the reaction of Luc 2+ with superoxide anion (Allen, 1986) ] and the presence of 2 positive charges in a relatively highly hydrophobic molecule that significantly facilitate the transmembrane transfer and accumulation of lucigenin by mitochondria (Kruglov et al., 2002) . To discern whether the response to heat exposure (34°C for 18 h) is specific to meat-type chickens, we further investigated the influence of heat exposure on superoxide production in laying-type chickens: previous studies on meat-type birds indicated that these birds have exhibited greater sensitivity to heat treatment, as shown by a significant increase in body temperature (Altan et al., 2003) . It has been suggested that mild mitochondrial uncoupling via the action of uncoupling protein and adenine nucleotide translocator (ANT) decreases the mitochondrial production of ROS (Papa and Skulachev, 1997; Echtay et al., 2003) . Therefore, we were interested in investigating the inhibitory effect of carboxyatractylate (cAtr) on mitochondrial O ؒ-2 production to determine whether skeletal muscle ANT is involved in regulation of O ؒ-2 production. We hypothesized that superoxide would be generated in mitochondria isolated from skeletal muscles of heatexposed chickens. Species differences in response to heat exposure could also be reflected by the differences in the skeletal muscle mitochondrial superoxide production. We investigated the role of ANT in the regulation of ROS production, along with the changes in skeletal and core body temperatures after exposure of chickens to heat stress.
MATERIALS AND METHODS

Birds
Meat 2 -and laying 3 -type chickens were obtained at 1 d of age. Chicks were housed in electrically heated batteries under continuous light for 1 wk and were provided with ad libitum access to water and commercial starter layer-and meat-type chicken diets as appropriate. At 1 wk of age, birds were moved to individual cages for a 1-wk adjustment period. At 16 d of age, 8 laying-type chickens and 16 meat-type chickens were exposed to high temperature (34°C) for 18 h, and 8 laying-and 8 meat-type chickens were kept at 25°C and used as controls. Birds were killed by decapitation, and then pectoralis superficialis muscles were quickly removed. The muscles were placed in ice-cold isolated buffer A for the subsequent isolation of mitochondria. Weights of individual birds at the start and end of the experiment were recorded. Feed consumption during the test period was also determined. Body weight gain/ loss and feed efficiency for each chick was calculated. Rectal and muscle temperatures of both control and heat-exposed chicks were measured using a digital thermometer. 4 The right pectoralis superficialis muscle was used for measuring muscle temperature. All experiments were performed in accordance with institutional guidelines concerning animal use.
Isolation of Skeletal Muscle Mitochondria
Muscle subsarcolemmal mitochondria were isolated according to the method described by Toyomizu et al. (2002) . Briefly, fat and connective tissues were trimmed from the muscles, then the muscles were blotted dry, weighed, and minced with scissors. The mince was suspended in ice-cold buffer A (containing 100 mM sucrose, 50 mM Tris base, 5 mM MgCl 2 , 5 mM ethylene glycolbis-(β-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), 100 mM KCl, and 1 mM ATP, pH 7.4) and homogenized with a Potter-Elvehjem homogenizer 5 (5 passages).
The homogenate was then centrifuged at 800 × g for 10 min, and the resulting supernatant was used for isolation of mitochondria. The supernatant was centrifuged at 1,000 × g for 10 min and then at 8,700 × g for 10 min. The resulting pellet, containing subsarcolemmal mitochondria, was suspended in buffer A and recentrifuged at 8,700 × g for 10 min. The pellet resulting from this step was resuspended in buffer B (containing 250 mM sucrose, 20 mM Tris base, and 1 mM EGTA, pH 7.4), and then washed by centrifugation at 8,700 × g for 10 min. The final mitochondrial pellet was suspended in a small volume of buffer B and kept on ice. All procedures were carried out at 4°C.
Measurement of Mitochondrial Superoxide from Skeletal Muscle Mitochondria
Electron Spin Resonance Spin-Trapping Method. Superoxides were measured using the electron spin resonance (ESR) spin-trapping method as described by Yoshiki et al. (1998) . Electron spin resonance spectra were recorded on a spectrophotometer 6 using an aqueous quartz flat cell (60 × 10 × 0.31 mm, effective volume 160 µL). Optical absorption spectra were measured using MCPD-100 multichannel photodetector. 7 The nitrone spin trap 5,5-dimethyl-1-pyrroline N-oxide was used for detection of superoxide free radicals. The incubation conditions were as follows: mitochondria 0.5 µg/µL, 70 mM sucrose, 220 mM mannitol, 2 mM HEPES (pH 7.4), 2.5 mM potassium phosphate, 0.5 mM EDTA, 5 mM malate, and 10 mM glutamate. ESR were recorded for 2 min after addition of substrate and 9.2 M DMPO (20 µL) in reaction buffered solution containing skeletal muscle mitochondria (150 µL) from meat-type chickens at 25°C. Instrument settings were power, 4.0 mW; field, 334.5 ± 5 mT; sweep time, 2.0 min; modulation width, 0.79 mT; receiver gain, 4 × 100; time constant, 0.3 s; frequency, 9.422 GHz; modulation, 100 kHz. The O ؒ-2 production was calculated using the DMPO-O ؒ-2 spin adduct index and compared with that of xanthine oxidase (U/mL) in the presence of 2 mM hypoxanthine.
LDCL Method
The LDCL was measured at 25°C using a Berthold luminometer according to the methods of Li et al. (1998) . The reaction conditions were as follows: 70 mM sucrose, 5 Iwaki Glass Co., Ltd., Tokyo. 6 JEOL Ltd., Tokyo.
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Otsuka Electronics, Tokyo. 220 mM mannitol, 2 mM HEPES (pH 7.4), 2.5 mM potassium phosphate, 0.5 mM EDTA, 10 mM glutamate, 5 mM malate, 20 µM lucigenin, and 0.5 mg/mL mitochondria from meat-and laying-type chickens. After recording the background LDCL for 4 min, the assay was initiated by the addition of substrate (glutamate and malate). LDCL was recorded at 2-s intervals for 5 min, and the data were expressed as the area under the curve calculated by integration. In another set of experiments, cAtr, used at a final concentration of 5 µM, was added to the mitochondrial suspension to determine the effect of ANT inhibition on superoxide production.
Statistics
Statistical analysis of data was performed using Student's t-tests (P < 0.05) for comparison of results from heat stress-treated and control groups. Results are presented as means ± SD. Analyses of variance were performed using the GLM procedure of SAS (SAS, 1985) . Duncan's multiple range test (Steel and Torrie, 1980) was applied for comparison between each 2 means at significance level of P < 0.05.
RESULTS AND DISCUSSION
The first aim of this work was to determine the effect of acute heat exposure on mitochondrial ROS production in the skeletal muscle of chickens and to compare quantitatively the superoxide production by isolated mitochondria from acute-heat stressed meat-and layingtype chickens. Examples of ROS include O ؒ-2 , H 2 O 2 , and the hydroxyl free radical (ؒOH). In the process of ROS production, some electrons passing through the mitochondrial electron transport chain (ETC) leak out and react with molecular oxygen to form superoxide, which is quickly dismutated by the mitochondrial superoxide dismutase (SOD) to H 2 O 2 (Loschen et al., 1971; Boveris et al., 1972) . Thus, as O ؒ-2 is the first product synthesized in the process of ROS production and is then converted to hydroxyl radicals and lipid peroxides, it would clearly serve as an indicator of the response of muscle mitochondria to produce ROS under heat stress conditions. On this basis, ESR spectroscopy using DMPO as a spin trap and LDCL method were applied to assess O ؒ-2 production in isolated mitochondria. In both detection systems, glutamate and malate were used as substrates requiring complexes I, III, and IV of the ETC because a significant proportion of the oxygen molecules are converted to O ؒ-2 by complexes I and III via a nonenzymatic process (Casteilla et al., 2001) .
The incubation of DMPO with hypoxanthine-xanthine oxidase (X-XOD) and H 2 O 2 -FeCl 2 systems elicited a typical ESR signal resulting from the DMPO-O ؒ-2 and DMPO-OH adducts (Figure 1, a and b) . To evaluate ROS generation by skeletal muscle mitochondria from meattype chickens by ESR spectrometry using hyperfine coupling constants of the DMPO spin adduct index, the were obtained from Mn ++ as one N (aN = 1.44 mT), one β-position hydrogen (aHβ = 0.12 mT), and one γ-position hydrogen (aHγ = 0.11 mT). Those from the DMPO-OH were 1.48 mT for aN and aHβ. Figure 1 (c through f) shows typical examples of ESR spectra of mitochondrial suspensions from control (c, e) and acute-heat stressed chickens (d, f) in the presence and absence of cAtr, which increases ROS production. Similar hyperfine coupling constants to those of the DMPO-O ؒ-2 adducts in the hypoxanthine-xanthine oxidase system were obtained for these conditions (aN = 1.44 mT, aHβ = 0.12 mT, and aHγ = 0.11 mT). On this basis, the ROS generated by the mitochondria were identified as O
ؒ-
. The DMPO-O ؒ-
2 signal from meat-type chickens was enhanced by heat treatment (34°C for 18 h) in the absence (Figure 1 , c and e) or presence (Figure 1, d and f) of cAtr. Therein, the O ؒ-2 production was equivalent to 71.6 (control) and 88.4 (heat treatment) xanthine oxidase mU/mL in the presence of 2 mM hypoxanthine. These data demonstrate that isolated mitochondria of heat-exposed meattype chickens generate increased amounts of superoxide Means with different superscripts in the same row are significantly different (P < 0.05). *P < 0.05 for heat-exposed group vs. control group.
anion. This finding supports data obtained from rat intestinal epithelial cells (Flanagan et al., 1998) where heatexposed cells (45°C) had increased free radical electron paramagnetic resonance signals (according to the formation of DMPO/O
ؒ-
2 ) compared with control cells maintained at 37°C.
Next, we moved on to quantitatively measure the superoxide production by isolated mitochondria from heat-exposed meat-and laying-type chickens. The growth performance data for these experiments are summarized in Table 1 . Heat exposure resulted in significant decreases in weight gain, feed consumption, and feed efficiency of meat-and laying-type chickens, but the differences observed in the case of meat-type chickens were much greater. A significant increase in the rectal temperature of meat-type chickens was recorded after 7 and 18 h of heat exposure. Muscle temperature was also significantly increased after exposure to heat for 18 h. In the case of laying-type chickens, no difference in rectal temperature compared with control was recorded during the first 7 h of heat treatment; rectal and muscle temperatures were significantly but slightly decreased after 18 h of heat exposure.
The results of LDCL experiments on mitochondria isolated from skeletal muscle (pectoralis superficialis) of control and heat-exposed meat-and laying-type chickens are shown in Figure 2A . There were no significant differences between meat-and laying-type control chickens in superoxide production by isolated mitochondria as demonstrated by the integrated area under the curve expressed as a ratio of mitochondrial protein. A significant increase in the integrated area under curve was observed in mitochondria isolated from heat stresstreated meat-type chickens compared with that of control meat-type chickens. In contrast, no significant differences between the heat stress-treated and control layingtype chickens were observed in relation to the integrated area under the curve as a ratio of mitochondrial protein (Figure 2A) . Zuo et al. (2000) reported that during 30 min of exposure of mouse diaphragm to high temperature (42°C), ethidium (a probe for intracellular ROS) fluorescence increased by 24%. Wang et al. (2000) found that ROS production increased by 60% in myocytes in response to incubation at 43°C for 30 min; this result was followed by a significant increase in SOD activity. The increases in ROS production reported in those studies are not as profound as those described here for meattype chickens exposed to heat, in which a 2-fold increment in superoxide anion production was generated in the mitochondria isolated from skeletal muscle. This finding implies that intracellular scavenging reactions might be actively involved and shows the difficulty in identifying the source of ROS and actual levels produced by mitochondria. Taken together our results confirm previous observations (Zuo et al., 2000) indicating that heat stress gives rise to increased ROS production in skeletal muscle and extend past findings to include changes in ROS formation that occur to a significant extent in the mitochondria.
Does avian ANT contribute to differences in regulatory mechanisms associated with ROS production between heat-stressed meat-and laying-type chickens? It is conceivable that mitochondrial anion carriers, such as uncoupling protein or ANT, in skeletal muscle may play a role in alleviating the generation of harmful ROS, for which an increased mitochondrial flux may occur as previously reported (Skulachev, 1998; Casteilla et al., 2001; Echtay et al., 2003) . Addition of cAtr to the reaction medium containing mitochondria isolated from control or heat stress-treated chickens resulted in significant increase (P < 0.05) in ROS production compared with their respective basal levels ( Figure 2A ). In both meatand laying-type chickens, however, the percentage increases were not significantly changed for skeletal muscle mitochondria from the control or heat stress-treated groups ( Figure 2B ). These results suggest that possible specific differences between meat-and laying-type chickens of an avian ANT-mediated uncoupling action can be excluded in the control of mitochondrial superoxide anion production. It is possible that another anion carrier, avUCP, could contribute to the differential regulation of ROS production in skeletal muscle mitochondria between 2 types of chickens exposed to heat. Studies in our laboratory have shown (Toyomizu et al., 2002) an increase in avUCP expression in the skeletal muscle (pectoralis superficialis) of cold-acclimated laying-type chickens maintained at 5°C, but we have not yet examined whether the avUCP transcripts are more highly expressed in those chickens. Other possible mechanisms through which increased ROS production occurs in heattreated meat-type chickens may be associated with mitochondrial electron leakage, oxidation of phosphorylation complex proteins, a reduction in ETC complex activity, or other forms of mitochondrial damages. Further studies are needed to elucidate the mechanism of the increase in ROS production in heat-treated meattype chickens occurring concomitantly with the increase in body temperature.
An important question raised by the present results relates to the metabolic link between ROS production and growth inhibition in heat-exposed meat-type chickens: meat-type chickens exposed to heat stress were characterized here by increases in ROS production and body temperature and depression of body weight gain. Here, the body weight gain of meat-type chickens was severely suppressed by heat exposure (% gain in body weight: heat-exposed chickens, −3.17%, vs. controls, 6.56%), and the skeletal muscle mitochondria of these chickens produced increased levels of ROS. In contrast, the body weight gain of laying-type chickens was not affected by heat to any significant extent (gain % of body weight; heat-exposed chickens, 2.19%, vs. controls, 4.47%), and the mitochondrial ROS production by these chickens was normal. Sakatani et al. (2004) demonstrated that the direct heat shock (41°C for 6 h) induced generation of H 2 O 2 severely affected bovine embryonic development at 0 and 2 d and further concluded that the deleterious effects of heat shock on embryo development are related to changes in cytoplasmic conditions such as oxidative status, mRNA expression, and protein synthesis. It is clear that differences recorded here in degree of depression of body weight were not due to differences of food intake, as can be observed from the feed efficiency data (Table 1) . Our findings could support the hypothesis that an increase of oxidative stress decreases gene expression and protein synthesis, interferes with the cell growth and induces apoptosis. Thus, it is likely that oxidative stress generated by heat stress also inhibits normal growth of animals.
In this study, both meat-and laying-type chickens were exposed to heat stress at 34°C. Therefore, it is likely that the increase of mitochondrial ROS production was affected directly by increased body temperature rather than the environmental temperature. However it cannot be ruled out that laying-type chickens have a unique regulatory mechanism allowing the suppression of ROS production under heat stress conditions or there is a possibility that laying-type chickens are inherently immune to or better adapted to the higher production of ROS.
In conclusion, this study has shown that superoxide production by the skeletal muscle mitochondria of meattype chickens is significantly enhanced by heat stress. This in turn was associated with a heat-induced increase in rectal and muscle temperatures, leading to a significant body weight loss. In laying-type chickens, no such increases in mitochondrial superoxide production or in rectal or muscle temperatures were observed, even though a decrease in body weight gain was apparent. These findings will help to elucidate underlying differences in the physiological responses of meat-and layingtype chickens to heat stress in relation to mitochondrial superoxide production.
